ABSTRACT. A portion of the minute chylomicrons less than 75 nm in diameter are transcytosed from the extravascular tissue into the subepithelial blood capillaries (sBC) in the villous apices of the rat jejunum. However, the details of the transportation mechanism have not been clarified. In this study, the endothelial receptor involved in the transportation of minute chylomicrons into the sBC's lumina was immunohistochemically and histoplanimetrically examined in intestinal villi of the rat jejunum. Immunopositivity for very low density lipoprotein (VLDL) receptor was detected on the luminal and basal surfaces of the endothelial cells of sBC in approximately 68% of those apices of jejunal villi that possessed numerous chylomicrons in the lamina propria, while VLDL receptor was detected on the endothelial cells of sBC in only approximately 8% of intestinal villi that possessed few or no chylomicrons in the lamina propria. No immunopositivity for LDL receptor was detected in the sBC of all intestinal villi. These findings suggest that VLDL receptor is expressed by the endothelial cells of the sBC in conjunction with the filling of the lamina propria of jejunal villi with many chylomicrons produced by the villous columnar epithelial cells and that the VLDL receptor mediates the transportation of minute chylomicrons, maybe VLDL, into the subepithelial portal blood from the extravascular tissue of the rat jejunal villi.
Chylomicrons in the broad sense are made from long and medium-fatty acids derived from foods in the villous columnar epithelial cells of the small intestine [11] . Until quite recently, chylomicrons discharged into the lamina propria from the villous columnar epithelial cells were thought to be transported only by the central lymph vessels (CLV) and never by blood capillaries in the intestinal villi [10, 11, 23] . However, a previous ultrastructural and histoplanimetrical study demonstrated that a portion of the minute chylomicrons less than 75 nm in diameter are transported by not only CLV but also subepithelial blood capillaries (sBC) and that minute chylomicrons encapsulated by cell membranes are transported into the lumina of the sBC through endothelial cells in the rat jejunum [41] . From these findings, the transportation of minute chylomicrons into the lumina of sBC is assumed to be performed by receptormediated transcytosis in the endothelial cells of sBC.
Soluble complexes of proteins and lipids in human and animal blood plasma, including all intestinal chylomicrons in the broad sense, are generally called plasma lipoproteins [21, 35, 40] . Plasma lipoproteins are clinically classified into chylomicrons in the narrow sense (more than 75 nm in diameter), intestinal very low density lipoproteins (VLDL: 75 to 28 nm in diameter), low density lipoproteins (LDL: 27 to 21 nm in diameter) and high density lipoproteins (HDL: 12 to 7 nm in diameter) based on their diameters and specific gravities during centrifugation [16, 21] . The chylomicrons in the broad sense include both chylomicrons in the narrow sense and VLDL [33, 34, 37] .
All plasma lipoproteins are composed of 2 nm-thick shells and hydrophobic cores made up of both triacylglycerides and cholesterol ester. The shells consist of phospholipids, cholesterol and apolipoproteins, which are classified as apoA (A-I, A-II and A-IV), apoB (B48 and B100), apoC (C-I, C-II and C-III), apoD and apoE proteins [16, 21] . The VLDL produced from the liver possess apoB100, apoC (I, II and III) and apoE, but not apoA-I, apoA-II, apoA-IV, apoB48 or apoD proteins [16, 45] . In contrast, all intestinal chylomicrons in the broad sense, which include intestinal VLDL and LDL, possess apoA-I, apoA-II, apoA-IV, apoB48, apoC (I, II and III), apoD and apoE, but not apoB100 protein [16, 22, 44] .
Plasma lipoproteins are generally recognized by VLDL receptor, LDL receptor or apoB48 receptor on the various cells in the organisms [13] [14] [15] . Plasma lipoproteins with apoE proteins, VLDL or LDL, are endocytosed by VLDL receptor or LDL receptor [15] . On the other hand, VLDL receptor proteins and their mRNA have been detected in the endothelial cells and the smooth muscles of umbilical veins by in situ hybridization and immunohistochemistry [29] , and in the endothelial cells of blood capillaries or arterioles in the striated muscle tissue and the brain by immunohistochemistry [47] . The LDL receptor has also been detected in the endothelial cells of blood capillaries in the brain by dot blot assay [26] . However, apoB48 receptor which binds to apoB48 proteins has been reported to be expressed only by cultured macrophages and monocytes [13, 14] . Therefore, the minute chylomicrons in the broad sense-i.e., less than 75 nm in diameter [41] -are assumed to be recognized and bound by VLDL receptor or LDL receptor on the endothelial cells of sBC in the rat small intestine. The aim of the present study was to demonstrate the contribution of VLDL receptor or LDL receptor to the transportation of minute chylomicrons into the lumina of sBC in the rat jejunum.
MATERIALS AND METHODS
Experimental animals: A total of 5 male Wistar rats aged 7 weeks (Japan SLC Inc., Hamamatsu, Japan) were used. The animals were maintained under conventional laboratory housing conditions and permitted free access to water and food (Lab MR Stock; Nosan Corp., Yokohama, Japan). The animal facility was maintained under conditions of a 12-hr light/dark cycle at 23 ± 1°C and 50-60% humidity. Clinical and pathological examinations were performed for all animals, and no signs of disorder were observed. This study was approved by the Institutional Animal Care and Use Committee (Permission number: 22-05-01) and carried out according to the Kobe University Animal Experimentation Regulations.
Tissue preparation: Rats were intravascularly perfused with 0.1 M phosphate-buffered 4% paraformaldehyde fixative (4% PFA; pH 7.4) after euthanasia with an intraperitoneal injection of 200 mg/kg of pentobarbital sodium (Kyoritsu Seiyaku Corp., Tokyo, Japan). After perfusion, small tissue blocks were obtained from a 5 cm segment that was 10 cm caudal from the duodenojejunal flexure and immersed in 4% PFA at 4°C for 6 hr (pH 7.4). After fixation, the tissue blocks were finally immersed in a mixture of sucrose-O.C.T. compound (Sakura Finetek Japan, Tokyo, Japan) with reference to the embedding method described by Barthel and Raymond [1] . Then, all tissue blocks were snap-frozen in liquid nitrogen. Sections with 4 µm thickness were cut using a Coldtome HM505E (Carl Zeiss, Jena, Germany) and were placed on slide glasses precoated with 0.2% 3-aminopropyltriethoxysilane (Shin-Etsu Chemical, Tokyo, Japan). The sections were stored at −30°C until use.
Immunohistochemistry: The detection of antigens was conducted using the indirect method of enzyme immunohistochemistry. Briefly, after rinsing with 0.05% Tween-added 0.01 M phosphate buffered saline (TPBS; pH 7.4), the sections were immersed in absolute methanol and 0.5% H 2 O 2 solution for 30 min, respectively. TPBS rinse was performed three times after all preparation steps to remove any reagent residues. Following blocking with Blocking One Histo (Nacalai Tesque, Kyoto, Japan) for 1 hr at room temperature (r.t.), the sections were reacted with anti VLDL receptor goat IgG (diluted at 1:100; Santa Cruz Biotechnology, Dallas, TX, U.S.A.) or anti LDL receptor goat IgG (diluted at 1:200; Santa Cruz Biotechnology) for 18 hr at 6°C. The specificities for the primary antibodies are described in the manufacturer's specification forms (VLDL receptor, sc-10107; LDL receptor, sc-11824), respectively. Then, the sections were incubated with horseradish peroxidase-conjugated anti goat IgG chicken IgG (diluted at 1:200; Bethyl Laboratories, Montgomery, TX, U.S.A.) for 1 hr at r.t. The specificity for the secondary antibody is described in the manufacturer's specification form (A200-116P-9). Finally, the sections were incubated with 3,3′-diaminobenzidine (Dojindo Lab., Mashiki, Japan) containing 0.03% H 2 O 2 and were counterstained with methyl green. Control sections were incubated with TPBS or non-immunized goat IgG instead of the primary antibody.
Lipid staining: To clarify the relationship between the chylomicron production and the expression of VLDL receptor or LDL receptor in the intestinal tissue, sections from each tissue block for immunohistochemistry were also stained with Sudan Black B (Chroma, Münster, Germany).
Quantitative histology: Twenty intestinal villi with numerous chylomicrons in the lamina propria of villous apices and 20 villi with few or no chylomicrons in the lamina propria were randomly chosen from intestinal villi centrally sectioned along the villous axes in the jejunum of each animal. Then, the number of intestinal villi with VLDL receptor or LDL receptor-immunopositive sBC in their apices was counted, and their relative number was calculated in each animal. Finally, the average rates of the intestinal villi with the immunopositive sBC were calculated from 5 animals.
Statistical analysis: Data are presented as the means ± standard deviations. Student's t-test was employed in the statistical analysis. P values less than 0.05 were considered statistically significant.
RESULTS

General findings of chylomicrons in the intestinal villi:
The villous columnar epithelial cells which possessed numerous fat droplets in their cytoplasms were restricted at the apices or from the apices to the middle portions of most intestinal villi. In these intestinal villi, many chylomicrons were distributed in the lamina propria beneath the epithelial cells with fat droplets (Fig. 1a) . Few or no chylomicrons were present in the lamina propria of a few intestinal villi whose epithelial cells possessed the small amounts of fat droplets (Fig. 1b) .
Immunohistochemical findings of sBC: VLDL receptor was immunopositive in the endothelial cells of sBC of the villous apices in approximately 68% of intestinal villi whose lamina propria possessed numerous chylomicrons beneath the epithelial cells (Figs. 2 and 3a) , but no LDL receptor was detected in the endothelial cells of any sBC (Figs. 2 and 3b) .
The immunopositivity of the sBC for VLDL receptor was restricted in the most villous apices, but reached to the middle portions of a few intestinal villi. The immunopositivity for VLDL receptor was found at the cytoplasms and both the luminal and the basal surfaces of the endothelial cells of sBC. The immunopositivity of the cytoplasms was weaker than that of the cell membranes in the endothelial cells of sBC ( Fig. 3c and 3d ).
In the intestinal villi which had few or no chylomicrons in the lamina propria beneath the epithelial cells, the immunopositivity for VLDL receptor was detected in the endothelial cells of sBC in only 8% of intestinal villi (Figs.  2 and 4a) . No LDL receptor was detected in the endothelial 
cells of sBC in all those intestinal villi that had few or no chylomicrons in the lamina propria-adjacent epithelial cells (Figs. 2 and 4b). Other immunohistochemical findings:
The striated borders of villous columnar epithelial cells were faintly immunopositive for VLDL receptor in a portion of the intestinal villi (Figs. 3a and 4a) . The positive epithelial cells were mainly restricted to the villous apices. A few endothelial cells were immunopositive for VLDL receptor in arterioles or venules of the submucosa (Fig. 5a and 5b ) and in blood capillaries of the muscular layer (Fig. 5c) . The immunopositivity for VLDL receptor was detected strongly in the cell membranes and weakly in the cytoplasms of almost all the villous myocytes in the lamina propria (Fig. 5d ) and the smooth muscle cells in both the lamina muscularis and muscular layer (Fig. 5e and 5f ). The VLDL receptor was also weakly immunopositive in smooth muscle cells of a portion of the arterioles and venules in the submucosa (Fig.  5a and 5b) . The endothelial cells of a few lymph vessels were immunopositive for VLDL receptor (Fig. 5g) . The above immunopositivities for VLDL receptor were found regardless of the amount of chylomicrons in the lamina propria of intestinal villi. The other tissue elements were negative for VLDL receptor in all intestinal villi.
LDL receptor immunopositivity was observed in the endothelial cells of a few arterioles, venules and lymph vessels of the submucosa, in the blood capillaries of the muscular layer and in smooth muscle cells of venules of the submucosa (Fig. 6a-6d) . The above immunopositivities for LDL receptor were found regardless of the amount of chylomicrons in the lamina propria of intestinal villi. The other tissue elements were negative for LDL receptor in all intestinal villi.
No immunopositive reactions were detected in any of the control sections.
DISCUSSION
The VLDL receptor has been immunohistochemically detected in the endothelial cells and smooth muscle cells of human arterioles and venules [29] , in the villous columnar epithelial cells of the rat jejunum [12] and in human smooth muscle cells [31] . The tissue elements that exhibited VLDL receptor immunopositivity in the present study were consistent with those showing VLDL receptor immunopositivity in previous reports, indicating the high specificity of the antibody against VLDL receptor used in this study. The immunopositivity for VLDL receptor in smooth muscle cells might indicate that smooth muscle tissues require many free fatty acids as an energy source [36] .
The LDL receptor has been detected in the endothelium of blood capillaries of the bovine brain by western blot analysis [26] and by immunoelectron-microscopical method [46] . This receptor has also been detected in cultured human vascular smooth muscle cells by western blot analysis [38] . In the present study, LDL receptor was detected in several vascular endothelium and the vascular smooth muscle cells. However, LDL receptor is never detected in other tissue elements, including the villous columnar epithelial cells, as shown in the mouse small intestine [30] . Thus, it was confirmed that the antibody used in this study had high specificity for LDL receptor. The LDL functions as the delivery agent for transporting cholesterol ester to peripheral tissues [21] . Therefore, the immunopositivity for LDL receptor in vascular endothelial cells and smooth muscles might also indicate that vascular tissues in the intestine require a lot of cholesterol ester.
The transcytosis of a portion of minute chylomicronsi.e., those less than 75 nm in diameter-by sBC from the extravascular tissue to the lumina of sBC has been demonstrated in rat jejunal villi and speculated to be mediated by some apolipoprotein receptors [41] . In tissues other than the liver, the VLDL receptor is thought to mediate the uptake of apoE-bearing lipoproteins [32, 42, 43] . In the present study, VLDL receptor was also expressed in the cell membranes of the endothelial cells of sBC, suggesting the possibility that apoE-bearing lipoproteins are transported from the extravascular tissue. In addition, the frequency of appearance of VLDL receptor-positive sBC was significantly higher in the intestinal villi with numerous chylomicrons than in the intestinal villi with few or no chylomicrons. No LDL receptor was detected in the sBC of any of the intestinal villi. Therefore, these findings suggest that VLDL receptor is expressed in sBC in conjunction with the filling of the lamina propria with many chylomicrons and mediates the transcytosis of minute chylomicrons including VLDL from the extravascular lamina propria into the lumina of sBC in rat jejunal villi.
In general, the triglycerides of intestinal chylomicrons transported by the CLV are gradually degraded by lipoprotein lipase in the systemic circulation [3] . Such chylomicrons become smaller as their triglycerides become more depleted [6, 28] . The final remnants of chylomicrons are considered to be removed from the systemic circulation in the liver [3, 6, 8, 11] . The liver also takes up mainly plasma VLDL [9] , and hepatocytes are main transporter at least in rats [17] . In the present study, the immunohistochemical detection of VLDL receptor in the endothelium of sBC supports the notion that minute chylomicrons are transported directly from the small intestine to the liver. Though it has been assumed that the main sources of free fatty acids for the liver are adipocytes, chylomicron remnants and the intestine [35] , our results indicate that minute intestinal chylomicrons via the hepatic portal system might be added as an additional main source of hepatic free fatty acids. Many species of indigenous bacteria reside in the alimentary tract [48] . Gram-negative bacteria are more increased toward the caudal intestine in rats [49] . Gramnegative bacteria possess lipopolysaccharides (LPS) [4] , which are recognized and bound by Toll-like receptor-4 (TLR-4) [7] . The secretory form of TLR-4 (sTLR-4) is secreted from the intestinal crypts and other exocrine glands in the rat alimentary tract [25] . The sTLR-4 immunopositive minute vesicles, possibly sTLR-4-LPS complexes, exist in the villous columnar epithelial cells of villous apices in the rat duodenum [24] . In the rat liver, the sTLR-4 immunopositive minute vesicles also exist in the perisinusoidal spaces and hepatocytes [25] . It is well known that LPS are present in the portal vein blood of various human patients, but no LPS are detected in the systemic circulation except in cases of liver disease [20, 39] . The 3 H-labeled or FITC-labeled LPS injected into rat portal blood are eliminated by Kupffer cells or hepatocytes [2, 27] . Systemic endotoxemia often occurs in dogs, when the amount of LPS infused into the portal veins is greater than the clearance capacity of the liver [5] . However, the pre-i.v. administration of chylomicrons into the vein reduces the mortality of rats with LPS-i.v. infusion [19] . Furthermore, the LPS pre-incubated with chylomicrons or VLDL significantly improve the survival rate in LPS-i.v.-administered mice [18] . Therefore, the minute chylomicrons, possibly intestinal VLDL, directly transported to the liver from the intestine probably also play a secondary role in the host defense against LPS derived from the intestine.
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